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ABSTRACT Cyanobacteria can synthesize alkanes and alkenes, which are considered
to be infrastructure-compatible biofuels. In terms of physiological function, cyano-
bacterial hydrocarbons are thought to be essential for membrane flexibility for cell
division, size, and growth. The genetic basis for the biosynthesis of terminal olefins
(1-alkenes) is a modular type I polyketide synthase (PKS) termed olefin synthase
(Ols). The modular architectures of Ols and structural characteristics of alkenes have
been investigated only in a few species of the small percentage (approximately 10%)
of cyanobacteria that harbor putative Ols pathways. In this study, investigations of
the domains, modular architectures, and phylogenies of Ols in 28 cyanobacterial
strains suggested distinctive pathway evolution. Structural feature analyses revealed
1-alkenes with three carbon chain lengths (C15, C17, and C19). In addition, the total
cellular fatty acid profile revealed the diversity of the carbon chain lengths, while
the fatty acid feeding assay indicated substrate carbon chain length specificity of
cyanobacterial Ols enzymes. Finally, in silico analyses suggested that the N terminus
of the modular Ols enzyme exhibited characteristics typical of a fatty acyl-adenylate
ligase (FAAL), suggesting a mechanism of fatty acid activation via the formation of
acyl-adenylates. Our results shed new light on the diversity of cyanobacterial termi-
nal olefins and a mechanism for substrate activation in the biosynthesis of these
olefins.

IMPORTANCE Cyanobacterial terminal olefins are hydrocarbons with promising ap-
plications as advanced biofuels. Despite the basic understanding of the genetic basis
of olefin biosynthesis, the structural diversity and phylogeny of the key modular
olefin synthase (Ols) have been poorly explored. An overview of the chemical struc-
tural traits of terminal olefins in cyanobacteria is provided in this study. In addition,
we demonstrated by in vivo fatty acid feeding assays that cyanobacterial Ols en-
zymes might exhibit substrate carbon chain length specificity. Furthermore, by per-
forming bioinformatic analyses, we observed that the substrate activation domain of
Ols exhibited features typical of a fatty acyl-adenylate ligase (FAAL), which activates
fatty acids by converting them to fatty acyl-adenylates. Our results provide further
insight into the chemical structures of terminal olefins and further elucidate the
mechanism of substrate activation for terminal olefin biosynthesis in cyanobacteria.

KEYWORDS cyanobacteria, biofuels, terminal olefins, olefin synthase,
fatty acyl-adenylate ligase

Hydrocarbon biofuels are renewable candidates that have shown great potential to
supplement the limited availability of petroleum in the future (1, 2). Two hydro-

carbon biosynthetic pathways have been identified in cyanobacteria. The first pathway
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synthesizes alkanes and alkenes from a fatty acyl-acyl carrier protein (ACP), an inter-
mediate of fatty acid metabolism, using two key enzymes, an acyl-ACP reductase (Aar)
and an aldehyde-deformylating oxygenase (Ado) (1, 3). This pathway is present in a
majority of cyanobacterial genomes (4) and produces a variety of hydrocarbons (sat-
urated alkanes, branched alkanes, and unsaturated alkenes with internal double bonds)
(2). In a small proportion of cyanobacteria, another pathway, termed the terminal olefin
synthase (Ols) pathway, is present to synthesize alkenes (5, 6). This pathway is com-
posed of a large type I polyketide synthase (PKS) with a modular organization and
catalyzes the formation of a 1-alkene from fatty acids via an elongation-decarboxylation
mechanism (6) (Fig. 1). The two hydrocarbon-producing pathways (Ado-Aar pathway
and Ols pathway) seem to be mutually exclusive in all publicly available cyanobacterial
genomes, which is thought to be associated with an unknown selective pressure (5). A
previous comparison of average hydrocarbon yields from these pathways revealed that
strains harboring the Ols pathway produced significantly more hydrocarbons than
strains possessing the Ado-Aar pathway (0.17% and 0.07% of dry biomass, respectively)
(5). Thus, it is of great biotechnological significance to further explore cyanobacterial
strains with high terminal olefin production.

The N terminus of Ols, comprising a loading domain and an acyl carrier protein
(ACP1), is predicted to function as the substrate activation module. The extension and
C terminus of Ols, comprising ketosynthase (KS), acyltransferase (AT), ketoreductase
(KR), ACP2, sulfotransferase (ST), and thioesterase (TE), are responsible for polyketide
elongation and the formation of 1-alkene (5, 6) (Fig. 1). In most Ols-containing cyano-
bacteria, the Ols pathway is present in one open reading frame (ORF) (5). Deletions of
the Ols pathway or of the N terminus of Ols have been shown to be essential in
hydrocarbon synthesis only in the model microorganism Synechococcus sp. strain PCC
7002 (6). A feeding assay of Synechococcus sp. PCC 7002 revealed the substrate chain
length specificity of cyanobacterial Ols (6). Further studies on strains containing this
pathway are required to determine whether this specificity is a general property of Ols.

The subcellular location of hydrocarbons is within the lipid bilayers of thylakoid and
cytoplasmic membranes, and the biological function of hydrocarbons is thought to be
associated with the membrane flexibility required for optimal cell division, size, and
growth (7). Free fatty acids in cyanobacteria are thought to be released from complex
membrane lipids (8). The mechanism by which fatty acids are activated in the biosyn-
thesis of terminal olefins has not been investigated thus far. A previous study eluci-
dated a mode of fatty acid activation involving the formation of acyl-ACP thioesters
catalyzed by acyl-ACP synthetase (Aas) in cyanobacteria (8). However, the Ols pathway
exhibits a domain architecture similar to that of the fatty acyl-adenylate ligase (FAAL)-
PKS pathway in Mycobacterium tuberculosis (Fig. 1). Intriguingly, the latter pathway is
involved with the formation of fatty acyl-adenylate (AMP) in a mode of fatty acid

FIG 1 Schematic diagram of the cyanobacterial Ols pathway. The ATP-consuming fatty acyl-adenylate
ligase (FAAL) domain first activates free fatty acid by conversion to fatty acyl-adenylate (fatty acyl-AMP),
which is then transferred to the extension modules of the polyketide synthase (PKS)-like Ols enzyme. The
acyl substrate is elongated by two carbons from malonyl-coenzyme A (CoA) via ketosynthase (KS) and
acyl transferase (AT), which is followed by reduction to the �-hydroxyacid by a ketoreductase (KR). The
1-alkene formation modules are composed of sulfotransferase (ST) and thioesterase (TE), of which ST
activates the �-hydroxy group via sulfonation, and TE activates subsequent dehydration and decarbox-
ylation reactions to form the terminal alkene.
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activation (9, 10). This observation has led to the reclassification of universal fatty acid
degradation enzymes, initially annotated as FadD, into FAALs and fatty acyl-coenzyme
A ligases (FACLs) (9, 10). Evolved from FACLs, FAALs differ from FACLs by a typical
insertion motif (10–12). Due to the similar architectures of FAAL-PKS modules in
mycobacteria and cyanobacteria, these findings might be helpful for understanding the
corresponding substrate activation of Ols in cyanobacteria.

Our study aimed to explore the terminal olefins of diverse cyanobacteria with a
focus on the carbon chain length of the products. To study the substrate specificity of
Ols, the capacities of representative strains to use exogenous fatty acids for terminal
olefin biosynthesis were compared. Finally, we attempted to provide a basic under-
standing of substrate activation in cyanobacterial terminal olefin synthesis via bioin-
formatics analyses.

RESULTS
Domains and modular architectures of Ols in cyanobacteria. To investigate the

domains and modular architectures of Ols, a genomic comparison of Ols pathways was
conducted. Twenty-eight Ols candidates, including the Ols of eight strains with char-
acterized terminal olefin compositions (6, 13), were selected. Using the CurM domain of
the curacin A biosynthetic pathway of Lyngbya majuscula as a control, multiple se-
quence alignments were performed. We found that 22 strains contained the complete
Ols enzyme in one ORF, while the remaining six strains harbored the modules in two
contiguous coding sequences (CDS 1 and 2) (Fig. 2). In addition, the modular architec-
ture of CDS 1 in Cyanobacterium stanieri PCC 7202 was different, with only an FAAL
domain present instead of an FAAL domain and an ACP1 domain, both of which were
present in the five other strains (Fig. 2). A close examination of the N termini of the Ols
protein sequences revealed the presence of a shorter FAAL, with a 19-bp overlap with
the adjacent PKS module, in Cyanobacterium stanieri PCC 7202 than in the other strains
(see Fig. S1a and b in the supplemental material). The corresponding CDS 1 and CDS
2 nucleotide sequences, with 9- to 23-bp spacers, were found in the other five strains
(Fig. S1a and c). Thus, the amino acid sequences of the Ols enzymes showed distinctive
modular architectures in cyanobacteria.

Cyanobacteria are capable of producing three types of terminal olefins. After
recognizing the novel features of the domains and modular architectures of Ols, 16

FIG 2 Deduced amino acid sequence alignment of 28 Ols enzymes and CurM. Twenty-two strains harbor
complete FAAL-ACP1-KS-AT-KR-ACP2-ST-TE modules. Cyanobacterium stanieri PCC 7202 and five strains
harbor the complete modules divided into two contiguous amino acid sequences (CDS 1 and 2). In
Cyanobacterium stanieri PCC 7202, CDS 1 contains the FAAL domain, and CDS 2 contains the remaining
domains. In the five remaining strains, CDS 1 contains the FAAL and ACP1 domains, and CDS 2 contains
the remaining domains. The CurM domain of the curacin A biosynthetic pathway was the closest relative.
List of the 22 strains with complete module: Chroococcidiopsis sp. PCC 6712, Cyanobacterium sp. IPPAS
B-1200, cyanobacterium ESFC-1, Cyanothece sp. PCC 7424 and PCC 7822, Geminocystis herdmanii PCC
6308, Geminocystis sp. NIES-3709, Leptolyngbya sp. PCC 7376, Limnothrix rosea IAM M-220, Myxosarcina
sp. GI1, Pleurocapsa sp. PCC 7319 and PCC 7327, Stanieria cyanosphaera PCC 7437, Stanieria sp.
NIES-3757, Synechococcus sp. PCC 7002, PCC 7003, PCC 7117, PCC 8807, PCC 73109, NKBG042902, and
NKBG15041c, and Xenococcus sp. PCC 7305. List of the 5 strains with CDS 1 and 2: Leptolyngbya sp. PCC
6406, Moorea bouillonii PNG5-198, and Moorea producens 3L, JHB, and PAL-8-15-08-1. The NCBI accession
numbers of the Ols enzymes are indicated in Table 1.
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strains with morphotypes belonging to unicellular cyanobacteria, colonial unicellular
cyanobacteria forming baeocytes, and filamentous cyanobacteria were selected further
for an investigation of hydrocarbons (Table 1). Terminal olefins belonging to three
classes of carbon chain length were produced by these strains (Fig. 3). The strains
producing alkenes with double bonds at the first carbons, such as 1-pentadecene (C15:1,
Δ1) and 2-pentadecene (C15:1, Δ2), were Chroococcidiopsis sp. strain PCC 6712 and
Xenococcus sp. strain PCC 7305 (Fig. 3; see also Fig. S2a and b). Seven of the cyano-
bacteria produced 1-heptadecene (C17:1, Δ1) (Fig. 3). Geminocystis herdmanii strain PCC
6308 and Cyanobacterium stanieri PCC 7202 synthesized hydrocarbons with novel
structural features (2-, 3-, and 4-heptadecene), while Pleurocapsa sp. strain PCC 7319
produced the most diverse hydrocarbons, such as 1-, 2-, 3-, 4-, and 5-heptadecene,
as confirmed by dimethyl disulfide (DMDS) derivatization and subsequent gas
chromatography-mass spectrometry (GC-MS) analysis (Fig. 3; see also Fig. S3a, b, c,
d, and e). Moreover, seven strains were found to produce C19 terminal olefins (Fig.
3; Fig. S2c). Mass spectra of C19:2 hydrocarbons were observed for all C19 terminal
olefin-producing strains (Fig. 3; Fig. S2d). In terms of hydrocarbon yield, Cyanothece sp.
strain PCC 7424 exhibited a production of �0.44% of the lyophilized biomass (Fig. 3),
which is approximately 1.7 times the highest terminal olefin production reported in a
native cyanobacterial strain (0.26% of dry biomass) (5).

Phylogeny of olefin synthase in cyanobacteria. A phylogenetic tree of the Ols
pathway and the CurM domain of the curacin A biosynthetic pathway was generated
using the maximum likelihood method (Fig. 4). The five strains harboring separate
FAAL-ACP1 modules and CurM domains grouped into one cluster, which was separated
from the cluster of strains harboring complete Ols pathways and Cyanobacterium
stanieri PCC 7202. Taken together, the terminal olefin composition data (Fig. 3) and the
data regarding Ols domain architecture and phylogeny reveal that the strains with distinc-
tive Ols pathways can produce both common hydrocarbons (such as 1-nonadecene in
Leptolyngbya sp. strain PCC 6406) and novel alkenes (such as 1-, 2-, 3,- and 4-heptadecene
in Cyanobacterium stanieri PCC 7202) (Fig. 3). Meanwhile, strains with complete Ols
pathways are also capable of producing common and novel hydrocarbons (Fig. 3).
Thus, the different domain architectures and/or phylogenies of Ols might not neces-
sarily correspond to a phenotype of novel alkene structure. In terms of alkene chain
length, the clustering characteristics of the hydrocarbon profile and Ols phylogeny
appeared to exhibit some correlation, but additional samples are required to draw a
conclusion.

Total fatty acid composition of the 16 terminal olefin-producing cyanobacterial
strains. The precursors of terminal olefin synthesis are derivatives of fatty acids. Complex
membrane lipids contribute to the dynamic pool of free fatty acids in cyanobacteria. Thus,
fatty acid compositions in the total lipid fractions of the 16 strains were investigated using
a methyl esterification method.

In C15 terminal olefin-producing strains (Chroococcidiopsis sp. PCC 6712 and Xeno-
coccus sp. PCC 7305), C14 fatty acids were synthesized, although C16 fatty acids were in
high abundance (Fig. 5). Interestingly, the concentration of C14 fatty acids in Chroococ-
cidiopsis sp. PCC 6712 was 38-fold higher than in Xenococcus sp. PCC 7305 (Fig. 5), yet
the latter strain produced more C15 hydrocarbons than the former (Fig. 3). In most of
the C17 terminal olefin-producing strains, large amounts of C16 fatty acids and small
amounts of C18 fatty acids were produced (Fig. 5). In addition, C14 fatty acids were also
found in these strains, with a proportion of up to �36% of the total fatty acids in
Geminocystis herdmanii PCC 6308 and �20% in Cyanobacterium stanieri PCC 7202 (Fig.
5). In C19 terminal olefin-producing strains, the key components of the total fatty acids
were C18 and C16 fatty acids, but no C14 fatty acids were identified (Fig. 5). Thus, the
total fatty acid profiles of cyanobacteria are closely associated with olefin carbon chain
length and might be one of the factors influencing hydrocarbon chain length speci-
ficity. However, the abundances of these fatty acids seem to not be directly associated
with the production of hydrocarbons.
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TABLE 1 Cyanobacterial strains and GenBank accession numbers of Ols, FAALs, and FACLs used for bioinformatic analyses in this study

Subsection (order), morphotype Organism Protein NCBI accession no.

Cyanobacteria
Subsection I (Chroococcales), unicellular Cyanobacterium stanieri PCC 7202 Ols AFZ46265.1

FAAL AFZ46264.1
Cyanobacterium sp. IPPAS B-1200 Ols WP_071891741.1
Cyanothece sp. PCC 7424 Ols WP_012599249.1
Cyanothece sp. PCC 7822 Ols WP_013321938.1
Geminocystis herdmanii PCC 6308 Ols WP_017293948.1
Geminocystis sp. NIES-3709 Ols WP_060833030.1
Synechococcus sp. NKBG042902 Ols WP_030006270.1
Synechococcus sp. NKBG15041c Ols WP_024544961.1
Synechococcus sp. PCC 7002 Ols WP_012306795.1
Synechococcus sp. PCC 7003 Ols WP_065713741.1
Synechococcus sp. PCC 7117 Ols WP_065710482.1
Synechococcus sp. PCC 73109 Ols WP_062433466.1
Synechococcus sp. PCC 8807 Ols WP_065716260.1

Subsection II (Pleurocapsales), baeocytous Chroococcidiopsis sp. PCC 6712 Ols 2505786305a

Myxosarcina sp. GI1 Ols WP_072013783.1
Pleurocapsa sp. PCC 7319 Ols WP_019509160.1
Pleurocapsa sp. PCC 7327 Ols AFY79044.1
Stanieria cyanosphaera PCC 7437 Ols AFZ37598.1
Stanieria sp. NIES-3757 Ols BAU65096.1
Xenococcus sp. PCC 7305 Ols WP_006509673.1

Subsection III (Oscillatoriales), filamentous Cyanobacterial strain ESFC-1 Ols WP_018399776.1
Leptolyngbya sp. PCC 6406 Ols WP_008319224.1

FAAL WP_008319225.1
Leptolyngbya sp. PCC 7376 Ols WP_015132477.1
Limnothrix rosea IAM M-220 Ols OKH15930.1
Lyngbya majuscula CurA AEE88277.1
Moorea bouillonii PNG5-198 Ols AHH34186.1

FAAL AHH34187.1
Moorea producens 3L Ols EGJ35088.1

FAAL EGJ35087.1
Moorea producens JHB Ols AHH34189.1

FAAL AHH34188.1
Moorea producens PAL-8-15-08-1 Ols AOW99348.1

FAAL AOW99347.1

Actinobacteria and Proteobacteria
Mycobacteria Mycobacterium tuberculosis FACL1 NP_216266.1

Mycobacterium tuberculosis FACL2 NP_214784.1
Mycobacterium tuberculosis FACL3 NP_218078.1
Mycobacterium tuberculosis FACL4 NP_214728.1
Mycobacterium tuberculosis FACL5 NP_214680.1
Mycobacterium tuberculosis FACL6 NP_215722.1
Mycobacterium tuberculosis FACL7 NP_214633.1
Mycobacterium tuberculosis FACL8 NP_215065.1
Mycobacterium tuberculosis FACL12 NP_215943.1
Mycobacterium tuberculosis FACL13 NP_217605.1
Mycobacterium tuberculosis FACL14 NP_215574.1
Mycobacterium tuberculosis FACL15 NP_216703.1
Mycobacterium tuberculosis FACL17 NP_218023.1
Mycobacterium tuberculosis FACL19 YP_177983.1
Mycobacterium tuberculosis FACL22 NP_217464.1
Mycobacterium tuberculosis FACL34 YP_177686.1
Mycobacterium tuberculosis FACL35 NP_217021.1
Mycobacterium tuberculosis FACL36 NP_215709.1
Mycobacterium tuberculosis FAAL10 NP_214613.1
Mycobacterium tuberculosis FAAL21 NP_215701.1
Mycobacterium tuberculosis FAAL23 NP_218343.1
Mycobacterium tuberculosis FAAL24 NP_216045.1
Mycobacterium tuberculosis FAAL25 NP_216037.1
Mycobacterium tuberculosis FAAL26 NP_217446.2
Mycobacterium tuberculosis FAAL28 NP_217457.1
Mycobacterium tuberculosis FAAL29 NP_217466.3
Mycobacterium tuberculosis FAAL30 NP_214918.1
Mycobacterium tuberculosis FAAL31 NP_216441.2
Mycobacterium tuberculosis FAAL32 NP_218318.1
Mycobacterium tuberculosis FAAL33 NP_215861.1

Enterobacterales Escherichia coli CFT073 FAAL NP_755583.1
Legionellales Legionella pneumophila FAAL YP_096241.1
Myxococcales Myxococcus xanthus DK 1622 FAAL YP_634753.1

aJGI IME ID number of Ols from Chroococcidiopsis sp. PCC 6712.
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Cyanobacteria exhibit fatty acid chain length specificity for terminal olefin
production. To further investigate the relationship between hydrocarbon chain length
and Ols enzymes, we carried out an odd-chain fatty acid feeding assay. Three repre-
sentative strains (Chroococcidiopsis sp. PCC 6712, Stanieria cyanosphaera PCC 7437, and
Synechococcus sp. PCC 7002), producing C15, C17, and C19 terminal olefins, were
selected for the feeding assay. A supplementation with nonadecanoic acid (C19:0) did
not alter the hydrocarbon compositions of the three strains (Fig. 6). A supplementation
with heptadecanoic acid (C17:0) led to the production of 1-octadecene (C18:1, Δ1)
by Synechococcus sp. PCC 7002 and Stanieria cyanosphaera PCC 7437 (Fig. 6). A
supplementation with pentadecanoic acid (C15:0) prompted the synthesis of only
1-octadecene by Synechococcus sp. PCC 7002, while this fatty acid enabled the pro-
duction of both 1-octadecene and 1-hexadecene (C16:1, Δ1) by Stanieria cyanosphaera
PCC 7437 (Fig. 6). The Ols of Chroococcidiopsis sp. PCC 6712 appeared to be unable to
use exogenous fatty acids with chain lengths of C15, C17, and C19 to produce C16

hydrocarbons or any other hydrocarbons under our experimental conditions. The
results confirmed that cyanobacterial Ols pathways exhibit fatty acid chain length
specificity for alkene biosynthesis, thus revealing increased diversity in the Ols path-
ways of cyanobacteria.

The loading domain of Ols is a typical fatty acyl-AMP ligase. Stanieria cyano-
sphaera PCC 7437, which produced C17:1 hydrocarbons, is therefore capable of using
C15:0 acids for both C16:1 and C18:1 production. The exogenous fatty acids must be
activated and incorporated into the Ols pathway. We investigated the possible mech-
anisms of fatty acid activation of Ols. The FAAL-PKS architecture of Mycobacterium
tuberculosis (9) is similar to that of the cyanobacterial Ols pathway. The sequences of
the FACLs and FAALs of Mycobacterium tuberculosis, the FAALs of Escherichia coli,
Legionella pneumophila, and Myxococcus xanthus, and the FAALs of cyanobacteria were
compared (Fig. 7). The cyanobacterial loading domain of Ols exhibited characteristics
typical of FAAL enzymes, with similar signature insertion motifs. A maximum likelihood

FIG 3 Hydrocarbon profile of 16 cyanobacterial strains capable of producing terminal olefins. Terminal
olefins with chain lengths of C15, C17, and C19 were identified; the number after the colon indicates the
number of double bonds, while the number after the triangle indicates the position of the double bond.
The 1,14-nonadecadienes (C19:2, Δ1,14) were identified on the basis of their mass spectra. Data shown are
the means from three biological replicates, and the error bars represent standard deviations.
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phylogeny based on these FAAL and FACL sequences confirmed that cyanobacterial
and mycobacterial FAALs are clustered and are separated from mycobacterial FACLs
(see Fig. S4). Thus, the loading domain of Ols is that of a typical FAAL, and the activated
form of the substrate in cyanobacterial terminal olefin synthesis could be fatty
acyl-AMP as well.

DISCUSSION

Hydrocarbons are widespread in cyanobacteria, and the cyanobacteria sequenced
to date possess one of the two separate hydrocarbon-producing pathways (2, 5). In this
study, five of the 28 Ols-containing cyanobacterial strains were found to harbor
separate FAAL-ACP1 modules, and together with the peculiar Ols domain architecture
of Cyanobacterium stanieri PCC 7202, these results reveal the genetic diversity of Ols
enzymes in cyanobacteria (Fig. 2). The independent clades in the phylogeny of Ols
revealed a possible distinct evolutionary history of these two groups of Ols (Fig. 4).

The physiological roles of cyanobacterial hydrocarbons, which are involved in
introducing flexibility into membranes and are required for optimal cell division, size,
and growth, have been previously reported (7). Though strains harboring the Ols
pathway have been proposed to account for a small proportion (approximately 10%) of
the cyanobacterial population (4, 5), hydrocarbon production in such strains is recog-

FIG 4 Phylogeny of the Ols pathways of 28 cyanobacterial strains. The tree was generated by the
maximum likelihood method. CurM was used as the outgroup. Bootstrap values �70%, expressed as
percentages of 1,000 replications, are shown near the nodes. The clade labeled with a red square has a
complete Ols, and in the clade labeled with a blue square, the FAAL-ACP1 is separated from the PKS.
Strain Cyanobacterium stanieri PCC 7202, possessing distinctive Ols modular architecture, was grouped
into the clade with the red square. Red, blue, and pink strain names indicate Ols pathways corresponding
to alkenes with chain lengths of C15, C17, and C19, respectively. The NCBI accession numbers of Ols and
CurM are indicated in Table 1.
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nized to be higher than that in strains containing the Ado/Aar pathway (2, 5). In this
study, we found that Cyanothece sp. PCC 7424 exhibits higher hydrocarbon production
(0.44% of the lyophilized biomass) than the reported wild-type-terminal olefin-
producing cyanobacteria (Fig. 3). To obtain an overview of the terminal olefin profiles
of cyanobacteria, we collected a majority of strains that, based on genome analyses,
contained Ols and conducted rigorous structural identification of the hydrocarbons
produced by these strains. The novel cyanobacterial 1-pentadecene (C15:1, Δ1) and
2-pentadecene (C15:1, Δ2) were identified in the cyanobacteria (Fig. 3). In addition,
alkenes with internal double bonds, such as 2-petadecene and 2-, 3-, 4-, and
5-heptadecene, were identified in this study (Fig. 3). Pleurocapsa sp. PCC 7319
presented the highest diversity of Ols pathway hydrocarbons (Fig. 3). A desaturase
gene (desE) was identified as being involved in the formation of the internal double
bond of 1,14-nonadecadiene (14), providing a possible pathway for the generation
of internal double bonds in hydrocarbons. Alternatively, isomerase could catalyze
the formation of internal double bonds. The synthetic mechanisms for these types
of hydrocarbons remain to be studied further. In addition, C19:2 hydrocarbons were
found in the seven C19 terminal olefin-producing strains explored in this study. On the
basis of the retention times and mass spectra, we annotated the C19:2 hydrocarbon as
1,14-nonadecadiene. Previous studies showed that the Ols of Leptolyngbya sp. PCC
6406 had a high GC content (64%) and suggested that the Ols of this strain was
acquired via horizontal gene transfer (5). Our hydrocarbon analysis confirmed that

FIG 5 Total fatty acid composition of the 16 terminal olefin-producing cyanobacterial strains. Fatty acids
with chain lengths of C14, C16, and C18 were identified; the number after the colon indicates the number
of double bonds, while the number after the triangle indicates the position of the double bond. Data are
presented as the weight percentages of corresponding fatty acids. Data shown are the means from three
biological replicates, and the error bars represent standard deviations.
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Leptolyngbya sp. PCC 6406 produces regular 1-nonadecene despite the evolutionary
history of its Ols pathway.

Cellular fatty acid profiles can affect the carbon chain lengths of terminal olefins; C14

fatty acid was found only in C15 and C17 but not C19 terminal olefin-producing strains.
In addition, large amounts of C16 fatty acid in C17 terminal olefin-producing strains and
nearly similar levels of C16 and C18 fatty acids in C19 terminal olefin-producing strains
further confirmed this effect on hydrocarbon chain length. However, no C15 terminal
olefin was identified in C17 terminal olefin-producing strains, although large amounts of
C14 fatty acid were found in some of these strains, indicating the substrate specificity
of cyanobacterial Ols enzymes. Hence, this precursor specificity could be another factor
that affects the carbon chain length of terminal olefins. The exogenous fatty acid
feeding assay of strains with different alkene compositions provided the possibility to
further explore the catalytic mechanism and substrate specificity of different Ols
enzymes.

Little was known about the form of fatty acid activation in terminal olefin biosyn-
thesis. The in silico analyses revealed that the loading domains of Ols have typical
features of FAALs. To date, only FadD10 of Mycobacterium tuberculosis, which is missing
the typical insertion sequences, has been shown to be a new FAAL (FAAL10) (12) (Fig.
7), and no FAAL enzyme shows FACL activity. Therefore, the FAAL domain of Ols can
probably directly activate fatty acids to form fatty acyl-AMP by using ATP. Indeed, both
FAALs and FACLs are capable of utilizing fatty acid pools and channeling these fatty
acids toward different metabolic fates in mycobacteria (9–11). Even though the loading

FIG 6 Odd-chain fatty acid feeding assay in representative cyanobacterial strains. The GC-MS signals
were normalized to the peak areas of the native hydrocarbon of corresponding cyanobacterial
strains. A supplementation of Synechococcus sp. PCC 7002 cultures with pentadecanoic acid (C15:0)
resulted in the synthesis of 1-octadecene (C18:1, Δ1), but a supplementation of Stanieria cyanospha-
era PCC 7437 cultures with pentadecanoic acid (C15:0) led to the synthesis of both 1-hexadecene
(C16:1, Δ1) and 1-octadecene (C18:1, Δ1). Fatty acid feeding assays were conducted with three
replicates, and data shown are representative results from one replicate. Additionally, the experi-
ments were also repeated using DMSO-dissolved and ethanol-dissolved fatty acids, and similar
hydrocarbon profiles were obtained.
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domains of Ols enzymes are similar to those of FAALs, other mechanisms for fatty acid
activation cannot be excluded. For example, the C15:0 acid used for C18 alkene produc-
tion in cyanobacteria favors the previously proposed mechanism of fatty acid activation
catalyzed by Aas to form fatty acyl-ACP (6). A deletion mutant of the aas gene in
Synechococcus sp. PCC 7002 is required to elucidate the mechanism, and further in vitro
studies are needed for confirmation.

In summary, we obtained an overview of the terminal olefin profiles of cyanobac-
teria, identified several novel terminal olefins in cyanobacteria, and found that Cyan-
othece sp. PCC 7424 exhibits high terminal olefin production under our growth con-
ditions. Meanwhile, analyses of modular architectures and phylogenies demonstrated
two distinct evolutionary groups of Ols enzymes. Furthermore, by investigating the
total fatty acid content and by a fatty acid feeding assay, we showed that the Ols
enzymes of cyanobacteria have different substrate chain length specificities. Finally, we
proposed that FAALs perform substrate activation in terminal olefin biosynthesis, most
likely via the formation of fatty acyl-AMP. As fundamental research, we explored a
new mode of fatty acid activation in cyanobacteria, and for biotechnological pur-
poses, we demonstrated the substrate specificity of Ols, which is promising for the
improvement of biofuel quality via FAAL domain substitutions.

FIG 7 Demonstration of the typical insertion motif of cyanobacterial FAALs. Multiple sequence alignments of cyanobacterial FAALs, mycobacterial FAALs and
FACLs, and FAALs of various proteobacteria were conducted by BioEdit software. The FAAL-specific insertion motif is highlighted with a red box. The NCBI
accession numbers of Ols, FAALs, and FACLs are indicated in Table 1. FadD10 of Mycobacterium tuberculosis was reported to be a new type of FAAL even though
it lacked the insertion sequence (12) (FAAL10 in bold pink).
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MATERIALS AND METHODS
Chemical reagents. Eicosane and fatty acids were obtained from Sigma-Aldrich (USA). All other

chemicals were obtained from either Merck (Germany) or Ameresco (USA).
Cyanobacterial strains, culture conditions, and biomass preparation. Three independent bio-

logical replicate cyanobacterial cultures (Table 1) were grown in 1.2 liters of BG11 medium (15) with 10
mM NaHCO3 and 1% CO2 (bubbled) under continuous light at 20 �mol photon m�2 · s�1 to obtain
enough biomass for chemical analyses. The cells were centrifuged, washed twice with distilled water, and
lyophilized.

Hydrocarbon extractions. Hydrocarbons were extracted as previously reported with minor modi-
fications (16, 17). Fifty milligrams of lyophilized cyanobacterial biomass were resuspended in 10 ml of
sterile deionized water and lysed by sonication. For strains of morphological subsections II and III (Table
1), the resuspended samples were homogenized by a 20-ml tissue homogenizer to assist the sonication.
The lysate was extracted for 2 h at room temperature with 10 ml of chloroform-methanol (2:1 [vol/vol]).
Prior to extraction, 30 �g of eicosane (C20:0) was added to the cell lysate as an internal standard. The
organic phase was separated following centrifugation (8,000 � g, 5 min) and evaporated to dryness
under a nitrogen stream at 55°C. The residue containing the hydrocarbons was redissolved in 1 ml of
n-hexane for further analysis.

Total lipid extraction and methyl esterification of fatty acids. Total lipids were extracted as
previously reported with minor modifications (16–18). Twenty milligrams of lyophilized cyanobacterial
biomass was transferred to a 15-ml tube and resuspended with 2 ml of sterile deionized water. For strains
of morphological subsections II and III (Table 1), the resuspended samples were homogenized by a 5-ml
tissue homogenizer to assist the lipid extraction. Prior to the extraction, 50 �g of nonadecanoic acid
(C19:0) was added to the cell suspension as the internal standard. The samples were extracted by adding
4 ml of chloroform-methanol (1:1 [vol/vol]), which was followed by homogenization of the cells with a
vortex generator. The lower organic phase was separated by centrifugation (10,000 � g, 5 min),
transferred to a 15-ml esterification tube, and evaporated to dryness under a nitrogen stream at 55°C.
Then, 2 ml of 0.4 M KOH-methanol solution was added, and the mixture was incubated at 60°C for 1 h,
allowing transesterification of lipid-bound fatty acids to the corresponding fatty acid methyl esters
(FAMEs). Finally, 2 ml of n-hexane and 3 ml of 5 M NaCl were added and gently mixed, and after keeping
the mixture at room temperature for 20 min, the FAMEs (upper hexane phases) were transferred to
sample vials for further analysis.

Hydrocarbon and total fatty acid analyses. Hydrocarbons and total fatty acids were analyzed as
previously reported with minor modifications (16, 17). One-microliter aliquots of the redissolved lipid
samples were analyzed by GC-MS using an Agilent 7890A system equipped with an HP-INNOWax
capillary column (30 m by 250 �m by 0.25 �m) and coupled to an Agilent 5975C MSD single-quadrupole
mass spectrometer under electron ionization mode at 70 eV in a scan range of 50 to 500 m/z. Helium
(constant flow rate of 1 ml · min�1) was used as the carrier gas. The injection temperature was set to
250°C, and the injection volume was 1 �l, under splitless injection conditions. The following temperature
program was applied: 40°C for 1 min, increased to 200°C at 5°C per min, increased to 240°C at 25°C per
min, and held at 240°C for 15 min. For analyses of total fatty acids (the corresponding FAMEs), a similar
temperature program was employed, with the exception that the initial temperature was 100°C. During
GC-MS analysis, peak identification was conducted by comparing the retention times and fragmentation
patterns with those of authentic standard compounds when available and by comparing with the values
available in the mass spectral database of the National Institute of Standards and Technology, USA. The
internal standard eicosane (C20:0) was used to quantify the hydrocarbons, and methyl nonadecanoate
(methyl ester of the internal standard nonadecanoic acid) was used to quantify FAMEs.

Derivatization with dimethyl disulfide. To determine the position of carbon-carbon double bonds
of hydrocarbons, the DMDS derivatization method was employed with minor modifications (19). Ex-
tracted hydrocarbon samples (100 �l) were treated with 300 �l of DMDS (as a control, the hydrocarbon
sample was treated with 300 �l of n-hexane) and 50 �l of iodine-diethyl ether solution (80 mg · ml�1

[m/vol]). The reaction mixture was allowed to stand for 6 h at 35°C, and 500 �l of n-hexane– diethyl ether
(1:1 [vol/vol]) was added. Then, Na2S2O3 (10% [m/vol]) was added to the mixture until the iodine was
discolored. Subsequently, the organic phase obtained by centrifugation (8,000 � g, 5 min) was used for
GC-MS analysis. One-microliter aliquots of the sample were analyzed with a similar GC-MS system by
using the following temperature program: 50°C for 1 min, increased to 240°C at 15°C per min, held at
240°C for 20 min. The locations of the double bonds in the terminal olefins were deduced by comparing
the fragmentation patterns of the control and DMDS derivatives.

Fatty acid feeding assay. Cyanobacterial strains were grown in 250-ml flasks containing 100 ml of
BG11 medium with an initial optical density at 730 nm (OD730) of �0.1. Fatty acid stock solutions of
pentadecanoic acid (C15:0), heptadecanoic acid (C17:0), or nonadecanoic acid (C19:0) were prepared in
dimethyl sulfoxide (DMSO) or ethanol and added at a final concentration of 0.1 mM. After 7 days of
cultivation, the cells were harvested, and the hydrocarbons were analyzed.

Bioinformatic analyses. The deduced amino acid sequences of the Ols pathway from cyanobacteria
were recovered from public databases. Multiple sequence alignments of the deduced amino acid
sequences of the Ols pathway and CurM were performed using MAFFT (20) and visualized using UGENE
software (21). Multiple sequence alignments of nucleotide and deduced amino acid sequences of Ols
were conducted using Geneious, version 10.0.7 (22). Multiple sequence alignments of deduced amino
acid sequences of FACLs and FAALs were analyzed using BioEdit, version 7.2.5 (23). The maximum
likelihood trees were generated by MEGA 6.06 (Jones-Taylor-Thornton model, 1,000 bootstrap replicates)
(24).
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